Because epithelial cells are the major cell type productively infected with Chlamydia during genital tract infections, the overall goal of our research was to understand the contribution of infected epithelial cells to the host defense. We previously showed that Toll-like receptor 3 (TLR3) is the critical pattern recognition receptor in oviduct epithelial (OE) cells that is stimulated during Chlamydia infection, resulting in the synthesis of beta interferon (IFN-␤). Here, we present data that implicates TLR3 in the expression of a multitude of other innate-inflammatory immune modulators including interleukin-6 (IL-6), CXCL10, CXCL16, and CCL5. We demonstrate that Chlamydia-induced expression of these cytokines is severely disrupted in TLR3-deficient OE cells, whereas Chlamydia replication in the TLR3-deficient cells is more efficient than in wild-type OE cells. Pretreatment of the TLR3-deficient OE cells with 50 U of IFN-␤/ml prior to infection diminished Chlamydia replication and restored the ability of Chlamydia infection to induce IL-6, CXCL10, and CCL5 expression in TLR3-deficient OE cells; however, CXCL16 induction was not restored by IFN-␤ preincubation. Our findings were corroborated in pathway-focused PCR arrays, which demonstrated a multitude of different inflammatory genes that were defectively regulated during Chlamydia infection of the TLR3-deficient OE cells, and we found that some of these genes were induced only when IFN-␤ was added prior to infection. Our OE cell data implicate TLR3 as an essential inducer of IFN-␤ and other inflammatory mediators by epithelial cells during Chlamydia infection and highlight the contribution of TLR3 to the inflammatory cytokine response.
C
hlamydia trachomatis is a Gram-negative obligate-intracellular bacterium and is the most common cause of bacterial sexually transmitted infections in both industrialized and developing countries (38, 68) . Chronic infection with urogenital serovars of C. trachomatis in the upper female reproductive tract can cause pelvic inflammatory disease (PID), scarring, and infertility (40, 44, 66) . The ability of Chlamydia to cause a persistent infection suggests that the organism is able to effectively evade immune surveillance in some individuals (4, 9, 35, 47, 50, 58, 62) . The initial innate immune response to Chlamydia infections results in the production of a plethora of cytokines and chemokines. The cytokines and chemokines produced are required for the recruitment of T cells and other inflammatory cells needed to initiate adaptive immunity.
Infected epithelial cells are the primary sources of cytokine production, resulting in local inflammation and tissue remodeling caused during acute Chlamydia disease (60) . Cytokines and chemokines secreted during Chlamydia infection are due to the stimulation of pattern recognition receptors (PRRs) located internally and on the surface of epithelial cells. In mammalian cells, the Toll-like receptor (TLR) families are membrane-bound PRRs that recognize microbial pathogen-associated molecular patterns (PAMPs) (6) . Engagement of TLRs by the bacterial, viral, and fungal PAMPs can lead to the activation of phagocytosis and the production of acute inflammatory cytokines, including tumor necrosis factor alpha (TNF-␣), interleukin-6 (IL-6), and granulocyte-macrophage colony-stimulating factor (GM-CSF), as an important step prior to the switch from an innate immunity and the onset of an adaptive immune response (1, 23, 24, 36) .
Using Chlamydia muridarum and a murine infection model as a surrogate for C. trachomatis infections of humans, we previously identified TLR2 (and its heterocomplexes with either TLR1 or TLR6) as the key TLRs stimulated early during infection of epithelial cells lining the lumen of the oviduct. Our data using cloned oviduct epithelial (OE) cells show that TLR2 stimulation by C. muridarum results in the secretion of acute-phase inflammatory cytokines including GM-CSF, IL-6, and TNF-␣ (15) . Other findings from that investigation demonstrated that C. muridarum infection also induces production of beta interferon (IFN-␤). We subsequently demonstrated that the Chlamydia-induced IFN-␤ synthesis in OE cells was largely MyD88-independent and sensitive to disruption of TRIF and IRF3 signaling (13) . We also showed that IFN-␤ synthesis was TLR3-dependent in OE cells, but was not TLR3 dependent in bone marrow-derived macrophages from TLR3-deficient mice (14) .
TLR3 is a receptor for double-stranded RNA (dsRNA) and is known to activate transcription of IFN-␤ via the adaptor protein Toll-IL-1 receptor (TIR) domain-containing adaptor molecule 1 (TICAM-1; also called TIR-domain-containing adapter inducing IFN-␤ [TRIF]) (2, 33) . Studies using human fibroblasts and epithelial cells indicate that TLR3 is expressed both intracellularly and on the cell surface (33) . In contrast, other cell types, including human and mouse monocyte-derived immature dendritic cells (DCs), macrophages, and peripheral blood DCs, express intracellular TLR3 exclusively, and TLR3 signaling is localized to mature endosomes in these cells (22, 30, 32) . TLR3 has been identified as the major MyD88-independent PRR stimulated in the type I IFN responses to many different viral infections due to its intracellular localization (16, 19, 20, 41, 54, 64) . A defined role for TLR3 in bacterial infection has not been clearly established; however, the TLR3 agonist poly(I·C) has been successfully used to provide protection against the intracellular bacterial pathogen Francisella tularensis (48) . In these studies, the investigators present poly(I·C) as a potential therapeutic agent against inhaled F. tularensis, and they hypothesized that TLR3 signaling via poly(I·C) provided a boost in host immunity prior to or soon after F. tularensis exposure.
In the present study, we further investigated the role of TLR3 in Chlamydia-induced pathogenesis. Based on our previous observations that the IFN-␤ response to Chlamydia infection is largely TLR3-dependent in OE cells, we hypothesize that TLR3 plays a critical role in the innate response to Chlamydia infection and genital tract pathogenesis. Herein, we demonstrate that TLR3 plays a role in the synthesis of other inflammatory mediators during Chlamydia infection (in addition to IFN-␤), and we show that the Chlamydia induced IFN-␤ regulates the synthesis of a subset of some (but not all) of these other inflammatory mediators. We demonstrate that Chlamydia replication in TLR3-deficient OE cells is more efficient than in wild-type OE cells and that Chlamydia replication is attenuated in TLR3-deficient cells pretreated with IFN-␤ prior to infection. We propose that TLR3 and TLR3-induced IFN-␤ play a critical role in the inflammatory immune response during Chlamydia infection.
MATERIALS AND METHODS
Mice. B6129SF2/J (control) and B6.129S1-Tlr3 tm1Flv /J (TLR3-deficient) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The TLR3-deficient mice and the control B6129SF2/J mice are C57BL/ 6J ϫ 129S1/SvImJ F1 hybrids that were self-crossed to generate F 2 hybrids identified as homozygous for H-2K b , with or without the TLR3 deletion. The homozygous mice are maintained at The Jackson Laboratory by breeding descendants of the original homozygous F 2 hybrids. All mice were housed in Indiana University Purdue University-Indianapolis specific-pathogen-free facilities. Age-matched mice were used at age 8 to 12 weeks for the experiments in the present study. The Indiana University Institutional Animal Care and Utilization Committee (IACUC) approved all experimental protocols.
Reagents. Recombinant murine IFN-␤ was purchased from R&D Systems (Minneapolis, MN). The lyophilized IFN-␤ was suspended in phosphate-buffered saline (PBS) supplemented with 0.1% bovine serum albumin (BSA), divided into aliquots, and frozen at Ϫ80°C until use. Recombinant murine IFN-␤ was thawed and diluted to 50 U/ml in fresh epithelial cell media immediately before use.
Cells, plasmids, and bacteria. The cloned OE cell lines OE129TLR3(Ϫ/Ϫ)C19 and OE129WT (14) were grown at 37°C in a 5% CO 2 humidified incubator and maintained in epithelial cell medium, 1:1 Dulbecco modified Eagle medium-F12K (Sigma), supplemented with 10% characterized fetal bovine serum (HyClone), 2 mM L-alanyl-Lglutamine (Glutamax I; Gibco/Invitrogen, Carlsbad, CA), 5 g of bovine insulin/ml, and 12.5 ng of recombinant human FGF-7 (keratinocyte growth factor; Sigma)/ml as previously described (14, 23) .
Mycoplasma-free C. muridarum Nigg, previously known as C. trachomatis strain MoPn, was grown and titered in McCoy cells (American Type Culture Collection) as described previously (23, 56) .
C. muridarum infection of wild-type and TLR3-deficient mice. Infections of mice were done as described previously (12) with some minor modifications. Mice were treated with 2.5 mg of Depo-Provera (medroxyprogesterone acetate; Pfizer, New York, NY) in 0.1 ml 1 week before vaginal infection with 10 5 inclusion-forming units (IFU) of C. muridarum (approximately 100 times the 50% inhibitory concentration) in 10 l of SPG (sucrose-phosphate-glutamic acid) buffer. Infection was monitored by swabbing the vaginal vault and cervix with a calcium alginate swab (Spectrum Medical Industries, Los Angeles, CA), and titers (IFU) of C. muridarum collected on the swabs were determined on McCoy cell monolayers as described previously (23, 56) . Each mouse strain (both wild type and TLR3 deficient) was infected in groups of five, and each experiment was repeated three times.
In vitro infection of OE cells. OE129WT and OE129TLR3(Ϫ/Ϫ)C19 cells were plated in 48-well tissue culture plates and used when confluent. For all experiments, the cells were infected with 10 IFU of C. muridarum/ cell in 900 l of culture medium as described previously (13, 14) . IFN-␤ pretreatments were performed as described in reference 46 with modifications: 1 h prior to infection, the medium was carefully removed, and fresh medium containing 50 U of recombinant murine IFN-␤/ml was added to the cells in minimal volumes needed for Chlamydia infection. The media containing recombinant murine IFN-␤ remained on the cells throughout the course of the infection. Untreated cells and SPG bufferonly treatment were used as uninfected and mock-infected controls, respectively.
Analysis of chlamydial growth in OE cells. OE129WT and OE129TLR3(Ϫ/Ϫ)C19 cells were plated in 24-well tissue culture plates and either mock infected, infected with 5 IFU of C. muridarum/ml, or pretreated with 50 U of recombinant IFN-␤/ml and then infected with 5 IFU of C. muridarum/ml as described above. At 30 h postinfection, the cells were harvested by scraping mechanically with a pipette tip in 500 l of SPG buffer and frozen at Ϫ70°C until further processed. In order to study infectivity, the collected infected cell samples were vortexed and sonicated for 15 min in a water bath, and 50 l of the sample was passaged onto a fresh layer of McCoy cells for titering as described previously (23, 56) .
Collection of genital tract secretions for cytokine analysis. Vaginal secretions for measurement of IL-6 and CCL5 were collected by the aseptic sponge technique (12) . Aseptic surgical sponges (ear wicks, 2 by 5 mm) (DeRoyal, Powell, TN) were inserted into the vaginas of anesthetized Chlamydia-infected and mock-infected mice each day during the first 10 days postinfection. Each sponge was retrieved 30 min later and individually collected in microfuge tubes for storage at Ϫ80°C.
Quantitative real-time PCR array. Total RNA was purified from the small interfering RNA-transfected Bm1.11 cells using an RNeasy kit (Qiagen, Valencia, CA). During purification, all RNA samples were treated with RNase-free DNase I (Qiagen) to remove genomic-DNA contamination. The RNA was quantified by spectrophotometric analysis, and RNA integrity was confirmed by agarose gel electrophoresis prior to PCR array. A PCR array was performed using the SYBR green-based RT 2 Profiler system (SA Biosciences, Frederick, MD) according to the manufacturer's instructions. The Mouse Inflammatory Cytokines and Receptors Array (PAMM-011) is a pathway focused array that contains a set of 84 related genes involved in the inflammatory immune response. This particular assay also contains five housekeeping genes and three other reaction controls to assess genomic DNA contamination, RNA quality, and general PCR performance. The PCR was performed on an ABI Prism 7500 sequence detection system (Applied Biosystems, Norwalk, CT), and the results were measured using Sequence Detector 2.2 software. Each assay was performed a total of three times for proper statistical calculation. The data analysis was performed using a company-provided program and is based on the ⌬⌬C T method, with normalization of the raw data to either housekeeping genes or an external RNA control.
Quantitative real-time PCR to measure TLR2 gene expression was conducted with the diluted cDNA and primers according to the protocol outlined in the iTaq SYBR green Supermix with ROX kit (Bio-Rad, Hercules, CA) as described previously (13), using the primers described in reference 14. Dissociation curves were recorded after each run to ensure primer specificity.
Semiquantitative reverse transcription-PCR (RT-PCR).
Total RNA was isolated from untreated and IFN-␤-treated OE129TLR3(Ϫ/Ϫ)C19 cells using RNeasy minicolumns (Qiagen). During purification, all RNA samples were treated with RNase-free DNase I (Qiagen) to remove genomic-DNA contamination and then quantified by spectrophotometric analysis. Optimized primer pairs for TLR2 and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) were designed using Vector NTI Suite (Infomax, Inc., Frederick, MD) and are described elsewhere (14) . Reactions were performed using 1 g of total RNA and only 25 of the 40 cycles of the PCR protocol described in reference 13.
Determination of cytokine production. Vaginal sponges were removed from storage at Ϫ80°C, and the sponges were soaked in 300 l of sterile resuspension buffer (PBS supplemented with 0.5% BSA and 0.05% Tween 20) for 1 h on ice and filtered through a preblocked 0.2-m-poresize cellulose acetate filter by centrifugation in a Spin-X microfuge tube (Fisher Scientific, Pittsburgh, PA) prior to enzyme-linked immunosorbent assay (ELISA). The amounts of CCL5 and IL-6 secreted into the vaginas of the mice during infection were measured by the ELISA (R&D Systems) according to the manufacturer's protocol and as described in reference 15, respectively. Confluent OE129WT and OE129TLR3(Ϫ/Ϫ)C19 cell monolayers grown in 48-well tissue culture-treated plates were either mock infected, infected with 10 IFU of C. muridarum/cell, or infected with 10 IFU of C. muridarum/cell after 1 h pretreatment with recombinant murine IFN-␤. Supernatants were harvested at 24 h postinfection and analyzed for cytokine content using customized ELISAs for IL-6 as described in reference 15 and for CCL5, CXCL10, and CXCL16 using commercially available ELISA kits as described by the manufacturer (R&D Systems). The lower range of ELISA sensitivity for IL-6 was 50 pg/ml, and the lower ranges of assay sensitivities for CXCL10, CXCL16, and CCL5 were 25, 10, and 50 pg/ml; respectively.
For antibody blocking studies, confluent OE129TLR3(Ϫ/Ϫ)C19 cell monolayers that were grown in 48-well tissue culture-treated plates had supernatants removed and washed once with PBS. PBS was removed and was replaced with either fresh medium, fresh medium containing 10 g of anti-mouse CD282 (TLR2) monoclonal antibody (clone T2.5)/ml, or fresh medium containing 10 g of mouse IgG2a() isotype control antibody/ml (eBioscience, San Diego, CA). Cells were returned to 37°C in a 5% CO 2 humidified incubator for 2 h before being stimulated with 5 g of peptidoglycan (PGN-EC)/ml from Escherichia coli serotype O111:B4 (125 endotoxin units (EU)/mg; Invivogen, San Diego, CA). After the addition of PGN, cells were incubated at 37°C in a 5% CO 2 humidified incubator for an additional 6 to 8 h before the supernatants were analyzed for IL-6 expression by ELISA. All experiments were repeated at least three times, and the significance was determined by using the statistical analyses described below.
Flow cytometric analyses. Two hours prior to cell surface antibody staining, confluent monolayers of mock-treated or IFN-␤-treated TLR3-deficient OE cells were dislodged from tissue culture plastic using a Hanks salt-based, enzyme-free cell dissociation buffer (Sigma-Aldrich). The cells were stained for 20 min on ice in PBS-2% BSA with either phycoerythrin (PE)-coupled anti-mouse CD282 (TLR2) monoclonal antibody or mouse IgG2a() isotype control antibody (eBioscience). Cells were washed three times with ice-cold PBS-2% BSA and immediately analyzed with a FACSCalibur cytometer (BD Biosciences).
Statistical methods. Unless otherwise stated, figures for each experimental investigation are presented as a "pooled" means with their associated standard deviations. Figure legends indicate the number of independent experiments pooled to generate each figure. The mean concentration of each analyte was summarized for each experiment, infected status, and cell type. For each experiment and each infected status, the mean concentration was modeled using a linear model with a fixed effect for cell type and a random effect for the date of the experiment. The random date effect incorporates into the model the correlations of samples run on the same date. Residual plots were examined to assess possible violation of model assumptions of normality and homogeneity of variance. For some experiments, there was a deviation from these assumptions, so the data were transformed to a log scale and reanalyzed. Pairwise comparison of the log mean concentration was made using a Sidak adjustment. The Sidak adjustment controls the type 1 error rate.
For vaginal cytokine levels, we compared individual mouse groups on each day of the experiment. The model for this analysis included fixed effects for mouse group, day, and mouse group-day interaction. There was no random effect in this model. Residual plots were examined, and there was some evidence of nonconstant variance; thus, the data analyzed on a log scale. A Sidak adjustment was used to control the type 1 error rate.
RESULTS
C. muridarum-induced inflammatory cytokine production is diminished in the absence of TLR3. We previously reported that C. muridarum-induced IFN-␤ synthesis was TLR3 dependent in OE cells by showing that the IFN-␤ response was severely diminished in OE cells derived from TLR3-deficient mice (14) . In an effort to identify other genes and cellular pathways that are aberrantly regulated in TLR3-deficient OE cells compared to wild-type OE cells, we conducted a small-scale PCR array using the commercially available RT 2 Profiler system. Total RNA was isolated from mock-infected and Chlamydia-infected OE129WT and OE-TLR3(Ϫ/Ϫ)C19 cells; equal amounts were converted to cDNA and then subjected to pathway-focused gene expression profiling using real-time PCR.
We selected a mouse inflammatory cytokine and receptor array which examines the expression of 84 different inflammatory response genes, plus several housekeeping genes to assess genomic DNA contamination, RNA quality, and general PCR performance. Table 1 show comparative results between C. muridaruminfected wild-type and TLR3-deficient OE cells, outlining the genes that were differentially expressed in this particular PCR array. As indicated, 33 of the 84 inflammatory mediators tested were significantly upregulated in the OE129WT cells (versus mock infected); this list includes genes involved in T-cell and B-cell chemotaxis, various interleukins, complement, and other factors such as caspase-1 that have been recently implicated in apoptosis via cleavage of sphingosine kinase-2 (65). Our data indicate that both CCR10 and CXCL15 gene expressions were negatively regulated (compared to mock-infected controls), suggesting that their expression was downregulated in the C. muridarum-infected OE129WT cells.
In comparative analyses, PCR array results of the C. muridarum-infected OE cells derived from TLR3-deficient mice showed significant upregulation in the expression of only 5 of the 84 inflammatory mediators ( Table 1) . As indicated, the inflammatory mediators were significantly upregulated (compared to mock-infected controls); however, the level of upregulation was attenuated compared to C. muridarum-infected wild-type OE cells. Because TLR3-deficient OE cells are severely impaired in the ability to synthesize IFN-␤ in response to Chlamydia infection, we hypothesized that IFN-␤ plays a role in the regulation and subsequent synthesis of other inflammatory mediators. To determine whether TLR3-dependent IFN-␤ plays a role in the synthesis of other inflammatory mediators, the same PCR array was performed on TLR3-deficient OE cells that were pretreated with recombinant murine IFN-␤ 1 h prior to infection. In these (and subsequent) experiments, we pretreated OE cells with purified, recombinant murine IFN-␤ that was diluted in media at the concentration of 50 U/ml. The 50-U/ml IFN-␤ concentration used was determined by IFN-␤-specific ELISA to be an approximation of the amount of IFN-␤ secreted into the media of C. muridaruminfected wild-type OE cells during the course of a 24-h infection (data not shown). As shown, the addition of recombinant murine IFN-␤ restored upregulation in the synthesis of an additional 10 inflammatory mediators (compared to the results of C. muridarum-infected TLR3-deficient OE cells with no IFN-␤ pretreatment). TLR3-deficient OE cells that were pretreated with IFN-␤ but were not infected with Chlamydia demonstrated significant upregulation in the expression of only CCL2, CCL5, CCL7, CCL8, CCL9, CXCL10, CXCL11, CXCL13, and Casp1. The data indicate that TLR3-induced IFN-␤ does play a role in mediating the synthesis of some (but not all) of the inflammatory mediators tested in this particular PCR array.
Defective infection-induced inflammatory cytokine and chemokine production is restored by IFN-␤ pretreatment in TLR3-deficient OE cells. To validate our PCR array data indicating that the absence of IFN-␤ was linked to the decreased expression of some of these downstream inflammatory mediators, ELISA was used to measure the synthesis of specific chemokines after recombinant murine IFN-␤ was supplied exogenously to both OE cell types 1 h prior to infection with C. muridarum. We selected CCL5 and CXCL10 as candidate inflammatory chemokines that were both highly induced during C. muridarum infection of wild-type OE cells (Table 1) , and both are commonly associated with T-lymphocyte recruitment (reviewed in references 27 and 67). As shown in Fig. 1 , C. muridarum-induced CCL5 and CXCL10 syntheses were severely diminished in the TLR3-deficient OE cells, corroborating the geneexpression data obtained in the PCR array. Synthesis of these two chemokines (which are known to be regulated by IFN-␤ [18] ) was restored in TLR3-deficient OE cells in which the medium was supplemented with recombinant IFN-␤ prior to C. muridarum infection.
As indicated, IFN-␤ pretreatment induced synthesis of these chemokines in the absence of Chlamydia; however, the syntheses of these chemokines were significantly higher when the cells were also infected with Chlamydia. We previously reported that C. muridarum infection induces high-level expression of the acute inflammatory cytokines IL-6 and CXCL16, and we hypothesized that these factors are involved in polarization of the immune response and genital tract scarring in response to Chlamydia infection, respectively (23) . We then showed that much of the IL-6 synthesis was MyD88 dependent and that it was induced in OE cells via a TLR2-dependent mechanism (15) . However, as shown in Fig. 2 , OE cells lacking TLR3 were also defective in synthesizing these inflammatory mediators in response to C. muridarum infection. Surprisingly, OE-TLR3(Ϫ/Ϫ)C19 cells pretreated with exogenous IFN-␤ prior to C. muridarum infection seemed to modestly restore synthesis of IL-6 in these cells (compared to OE129WT cells); however, the addition of IFN-␤ did not restore CXCL16 synthesis in these cells. Neither cell type treated with IFN-␤ alone secreted large amounts of CXCL16 or IL-6 in the absence of Chlamydia; however, CXCL16 and IL-6 are not known to be directly regulated by IFN-␤ (17, 69) . The results of the CXCL16 ELISA suggest that there are other factors in addition to IFN-␤ that regulate synthesis of CXCL16, and these factors and/or pathways are defective in TLR3-deficient OE cells. Collectively, the data indicate that the OE-TLR3(Ϫ/Ϫ)C19 cells were deficient in the C. muridaruminduced synthesis of these selected inflammatory cytokines and chemokines (compared to the OE129WT cells). As indicated, there appeared to be an additive and/or synergistic enhancement in synthesis of IL-6, CCL5, and CXCL10 in all cell types when treated with IFN-␤ prior to infection (compared to either infection or IFN-␤ treatment alone). Because the levels of expression of IL-6, CCL5, and CXCL10 are higher in the infected cells pretreated with exogenous IFN-␤ than in either treatment condition individually, the data suggest that the OE cells may have a more potent immune response to C. muridarum infection in the presence of IFN-␤.
Inflammatory mediator synthesis is diminished in the genital tracts of C. muridarum-infected TLR3-deficient mice. To de- termine the functional significance that the loss of TLR3 has on the genital tract levels of innate immune cytokines and chemokines in vivo, we infected groups of five B6129SF2/J control and five B6;129S1-Tlr3 tm1Flv /J mice vaginally with 10 5 IFU of C. muridarum. Figure 3 shows the combined results of three independent experiments in which we measured inflammatory mediators secreted during the first 10 days postinfection. As shown in Fig. 3A , the CCL5 secreted into the genital tracts peaked at day 7 in the wild-type mice, and there was a statistically significant lower amount of CCL5 secreted into the genital tracts of the TLR3-deficient mice at days 5, 6, and 7. As shown in Fig. 3B , IL-6 synthesis peaked at day 4, and there were statistically significantly lower levels of syntheses of IL-6 in the TLR3-deficient mice on days 4 and 5. However, by day 6, IL-6 levels between wild-type and TLR3-deficient mice were virtually identical. Collectively, data from both the in vitro and in vivo experiments indicate that wildtype mice have a more potent inflammatory response to C. muridarum infection than TLR3-deficient mice.
C. muridarum replication is more robust in the absence of TLR3. We previously reported that TLR3-deficient mice had diminished levels of IFN-␤ secreted into the genital tracts during C. muridarum infection, but that clearance kinetics were quite similar in both strains and that both mouse strains cleared Chlamydia by week seven (14) . In this report, we show a similar trend with CCL5 and IL-6 synthesis in the TLR3-deficient mice being substantially less than that of wild-type mice during C. muridarum infection (Fig. 3) . However, close examination of Chlamydia titers between days 9 and 24 postinfection showed TLR3-deficient mice shed more Chlamydia than wild-type mice, with a Ͼ300-fold difference on day 18 (Fig. 4) . The chlamydial titers for both strains were virtually the same after day 27 and for the remainder of infection, and again the actual clearance kinetics were similar between both strains. It is unclear whether higher titers between days 9 and 24 in the TLR3-deficient mice results in more C. muridarum-induced pathology in these mice, and this requires further investigation.
To examine whether C. muridarum growth in OE cells reflect the genital tract results, we next assessed C. muridarum replication in OE cells derived from wild-type and TLR3-deficient mice. As shown in Fig. 5 , C. muridarum replication was greater in the TLR3-deficient cells compared to the wild-type, suggesting that stimulation of TLR3 by C. muridarum results in an immune response that negatively affects Chlamydia growth. To examine the effect that IFN-␤ has on Chlamydia replication in TLR3-deficient OE cells, we measured C. muridarum replication in TLR3-deficient OE cells and compared it to experiments in which we infected TLR3-deficient OE cells that were preincubated with exogenous IFN-␤ 1 h before infection. As shown in Fig. 6A , preincubation of the TLR3-deficient OE cells with IFN-␤ decreased the bacterial growth in these cells. The results using wild-type OE cells that were preincubated with exogenous IFN-␤ were similar but showed a less dramatic reduction and were not statistically significant (Fig. 6B) . These data indicate that IFN-␤ is detrimental to C. muridarum growth and suggest that its synthesis during Chlamydia infection may beneficial to the host in the context of TLR3 deficiency.
IFN-␤ upregulates TLR2 gene expression in oviduct epithelial cells. Our data indicate that the addition of exogenous IFN-␤ to TLR3-deficient OE cells prior to C. muridarum infection restores the expression of several different inflammatory mediators, including IL-6 and CXCL10, that were shown to be TLR2-dependent in OE cells and other cell types (5, 15) . This observation proposes the hypothesis that the TLR3-dependent IFN-␤ synthesized during C. muridarum infection plays in role regulating the inflammatory immune response in part by modulating the gene expression of components found in the TLR2 signaling pathway. One possible mechanism to modulate TLR2 signaling would involve increasing sensitivity to TLR2 PAMPs by upregulating TLR2 mRNA and subsequent protein expression. To ascertain whether TLR3-induced IFN-␤ is a secreted factor that can enhance the sensitivity of TLR2 to chlamydial PAMPs, we performed semiquantitative RT-PCR and real-time PCR analyses to determine whether IFN-␤ has any effect on TLR2 mRNA synthesis. As shown in Fig. 7A , TLR2 mRNA expression was increased in uninfected TLR3-deficient OE cells that were treated with media containing IFN-␤ for 1-h prior to RNA isolation. These data were corroborated via quantitative real-time PCR, which indicated that TLR2 gene expression was increased 6.8-fold in this particular experiment (Fig. 7B) . To ascertain whether the increased expression of TLR2 mRNA resulted in a corresponding increase in TLR2 protein expression, we examined the cell surface TLR2 expression levels on TLR3-deficient OE cells. As shown in Fig. 8A , there was a slight (but significant) shift in the peak representing the fluorescent intensity of the OE cells that were pretreated with IFN-␤ for 2 h prior to staining with PE-conjugated TLR2-specific monoclonal antibody. The increase in TLR2 protein expression levels in TLR3-deficient OE cells that were pretreated with recombinant IFN-␤ was confirmed by immunoblotting with TLR2-specific monoclonal antibody (data not shown).
To determine whether the increase in TLR2 protein expression caused by pretreatment with recombinant IFN-␤ can also result in an enhanced sensitivity to TLR2 PAMPS, we assessed the efficacy of a TLR2-specific agonist in its ability to induce IL-6 production in untreated and IFN-␤-treated TLR3-deficient OE cells. We pre- viously reported that exposure of the OE cell lines to E. coli peptidoglycan (PGN) caused marked secretion of IL-6 into the supernatants of treated cells in a dose-dependent manner (15) . Figure  8B shows that PGN induces the synthesis of IL-6 in TLR3-deficient OE cell when added at a concentration of 5 g/ml; however, the synthesis of IL-6 increased Ͼ2-fold when TLR3-deficient OE cells were pretreated with IFN-␤ prior to the addition of PGN to the cells. As shown in Fig. 8B , the ability of IFN-␤ to enhance the sensitivity of TLR2 to PGN was significantly attenuated by TLR2-specific neutralizing antibody but was not affected by the IgG2a isotype control. These results confirm our previous findings that the PGN induced IL-6 synthesis in a TLR2-specific manner in OE cells and supports our presumption that IFN-␤ can enhance the sensitivity of TLR2 to chlamydial PAMPs. Collectively, these data support our overall hypothesis that IFN-␤ can modulate TLR2-dependent inflammatory mediator synthesis and provides an interesting model for a possible mechanism of IFN-␤-elicited immunomodulation of the inflammatory response to C. muridarum infection in OE cells.
DISCUSSION
The immune response to Chlamydia in infected epithelial cells represents the initial stage of Chlamydia pathogenesis and the onset of the disease process (60) . We previously reported on the contributions of TLRs 2, 1, and 6 in the initiation of the acute inflammatory response of epithelial cells lining the murine oviduct tissue, and we showed that IFN-␤ secreted during infection was TLR3 dependent (14) . Here, we found that TLR3 also has a role in the upregulation of mRNAs for a multitude of cytokines and chemokines (in addition to IFN-␤), and that the absence of IFN-␤ in TLR3-deficient OE cells negatively affects synthesis of a subset of these inflammatory mediators. We showed that C. muridarum replication is more robust in TLR3-deficient OE cells compared to wild-type OE cells and that TLR3-deficient mice generally had higher C. muridarum titers secreted into the genital tract between days 9 and 24 postinfection. Our data show that TLR3-deficient OE cells have lower Chlamydia titers if recombinant murine IFN-␤ was added to the cell supernatants prior to infection, suggesting that IFN-␤ has a role in controlling Chlamydia replication. Our findings represent the first such report that directly links TLR3 to the pathogenesis of Chlamydia infection.
As a dsRNA receptor, TLR3 is a major PRR associated with type I IFN responses to a multitude of viral infections (reviewed in references 34 and 70). The link between TLR3 and other inflammatory mediators has been presented in the investigations of Wang et al., who demonstrated the important role of TLR3 in infection by West Nile virus. In that study, TLR3-deficient mice had impaired inflammatory cytokine production and enhanced viral load in the peripheral blood (63) . In other RNA viral infections, such as respiratory syncytial virus, influenza A virus, and phlebovirus infections, inflammatory cytokine and chemokine production is impaired in the absence of TLR3, therefore affecting the virus-induced pathology and host survival (19, 20, 28, 54, 55) . Our data showing decreased C. muridarum-induced inflammatory cytokine and chemokine synthesis in the absence of TLR3 propose that TLR3 plays a role in the pathogenesis of Chlamydia infections and that its presence in target epithelial cells likely has an effect on Chlamydia survival in the host. Our data also imply that C. muridarum infection provides a PAMP that binds to and stimulates TLR3, and studies are under way to identify that unknown chlamydial or infection-induced cellular PAMP.
Although the apparent link between pathogen-induced TLR3 stimulation and synthesis of inflammatory mediators (other than IFN-␤) has been described in various viral infection models, the transcriptional mechanisms that lead to the synthesis of these other factors involved in the respective innate immune responses have not been elucidated. TLR3-induced IFN-␤ transcriptional induction is part of a potent feed-forward mechanism, amplifying the induction of several other genes and making it difficult to distinguish between direct and indirect targets of TLR3-activated transcription modules (11) . The example of the feed-forward mechanism of IFN-␤ inducing other genes was observed in our experiments whereby we showed that TLR3-deficient OE cells were defective in the C. muridarum-induced synthesis of several inflammatory mediators (compared to wild-type OE cells), unless IFN-␤ was added to the media prior to infection. However, there were several factors that were not affected by the addition of IFN-␤ to TLR3-deficient cells, and the link between TLR3 and these unaffected inflammatory factors remains unresolved and requires further investigation.
We hypothesize that there are other immunomodulatory cytokines in addition to IFN-␤ that are responsible for regulating the synthesis of inflammatory mediators that are unaffected by the addition of IFN-␤ alone. In addition, we postulate that the expres- deficient OE cells that were either untreated or treated with 50 U of recombinant IFN-␤/ml prior to staining with PE-conjugated TLR2-specific or IgG2a isotype control monoclonal antibody. (B) IL-6 synthesis was measured in the supernatants of mock-treated and IFN-␤-pretreated TLR3-deficient OE cells stimulated with the peptidoglycan (PGN) after being untreated or blocked for 2 h with either TLR2-specific or IgG2a isotype control antibody. The results are representative of three independent experiments. Significance was calculated comparing test condition samples to the medium-only control using the Student t test ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.005). sion these additional comodulatory factors are also defective in C. muridarum-infected TLR3-deficient OE cells. One possible modulatory or comodulatory cytokine that is also disrupted in TLR3-deficient OE cells is TNF-␣. The role of TNF-␣ as an immunomodulatory cytokine has been described in experiments demonstrating TNF-␣'s direct role in regulating the synthesis of inflammatory mediators, including TGF-␤, IL-12p40, and IL-10, in the guinea pig model for tuberculosis infection (25, 31) . Others have described a comodulatory role for TNF-␣ by demonstrating that TNF-␣ works synergistically with IFN-␤ in order to sufficiently induce the synthesis of indoleamine 2,3-dioxygenase (IDO) production during Haemophilus ducreyi infection of human DCs (29) . In this example, the induction of IDO in human DCs is hypothesized to contribute to bacterial persistence through the suppression of anti-H. ducreyi immune responses. The investigators in that study hypothesize that IDO-expressing dendritic downregulate anti-H. ducreyi T cell responses through inhibition of T cell proliferation, induction of T cell death, and the expansion of FOXP3 ϩ Treg cells via immune modulation.
Our data implicate IFN-␤ as a factor in modulating the immune response to C. muridarum infection in OE cells, and the induction of IDO as an actual mechanism that IFN-␤ uses to perform this function is one possibility. An example of how induction of IDO expression affects cytokine production during Chlamydia infection was observed in Chlamydia psittaci infection of human monocyte-derived macrophages (10, 45) . In those studies, the investigators describe a mechanism whereby IFN-␤ and IFN-␣ work synergistically to induce IDO expression as a part of the normal host cell response to control intracellular infection. It is not known whether IFN-␤ interacts with other immunomodulatory cytokines to induce IDO as a mechanism to regulate inflammatory mediator expression in C. muridarum-infected OE cells, and the role these putative regulatory mechanisms in TLR3-deficient OE cells will be investigated in future studies. We hypothesize that IDO induction (if present) will likely represent only a part of the mechanisms invoked by IFN-␤ in response to C. muridarum infection of OE cell, and we describe another putative mechanism in subsequent passages of this discussion.
Our data indicate that the TLR3 had the most dramatic effect on the induction of CCL4, CCL5, and CCL20 in C. muridaruminfected OE cells, with each showing 400-fold (or greater) induction in their expression levels in the C. muridarum-infected wildtype OE cells versus mock-treated controls. CCL4 and CCL5 were only modestly induced in the TLR3-deficient cells (Ͻ40-fold), but the addition of IFN-␤ increased the syntheses of these factors Ͼ240-fold over mock-treated controls. A similar trend was observed in the C. muridarum-induced synthesis of CXCL10 and CXCL11, but the effect of IFN-␤ was even more dramatic. We hypothesize that Chlamydia infection stimulates the synthesis of IFN-␤ in a TLR3-dependent manner, and the induction of these specific cytokines by TLR3-dependent IFN-␤ are tantamount to characterization of IFN-␤ as a master regulator in the synthesis of various factors that recruit NK cells, T cells, and other cell types to the site of infection (21, 52) . This hypothesis proposes a beneficial role for IFN-␤ in the control of Chlamydia infection in vivo and is supported by our data showing that C. muridarum titers were actually lower between days 9 and 24 postinfection in wild-type mice (Fig. 4) .
Interestingly, results from the PCR array indicate that CXCL15 synthesis was decreased in both C. muridarum-infected wild-type and TLR3-deficient OE cells (compared to mock-treated controls). CXCL15 was initially reported to be strongly expressed in the adult lung of the inbred mouse strains BALB/c and C57BL/6 but was not expressed in lymphoid organs such as the spleen (53) . CXCL15 was shown in those studies to be upregulated in response to multiple inflammatory stimuli, including an ovalbumininduced model of asthma and in Nippostrongylus brasiliensis or Aspergillus infection models. Because CXCL15 is also known to be a chemoattractant for neutrophils, the exact reason for CXCL15 downregulation in OE cells in response to Chlamydia infection is somewhat of an enigma. It is widely accepted that the neutrophil is viewed as a professional phagocyte whose sole function in immunity is to engulf, kill, and clear bacteria in response to infection. However, neutrophils have been implicated in host tissue damage in Chlamydial infections, including guinea pig ocular chlamydial infection models (51) . Recent investigations into the role of neutrophil involvement in Chlamydia pathogenesis revealed that neutrophil depletion dramatically decreased ocular pathology both clinically and histologically and that there was an associated alteration in adaptive immunity (26) . Our data imply that there is not a significant recruitment of neutrophils elicited by the C. muridarum-infected OE cells; however, the in vivo role of neutrophil involvement in genital tract infections between wild-type and TLR3-deficient mice remains to be investigated. A similar reduction in CXCL15 expression was also observed in two different models of murine colitis as an inflammatory response to Helicobacter infection (57) . The exact mechanism and role(s) for CXCL15 downregulation in response to Helicobacter infection in the murine colitis remains to be elucidated; however, the mild-tomoderate Gr-1 ϩ neutrophil infiltrate (compared to Helicobacterassociated gastritis model) implies that those neutrophils were recruited by chemokines other than CXCL15.
Uncovering the link between TLR3 stimulation and the synthesis of inflammatory mediators would provide significant insight into our understanding of the innate immune response to Chlamydia infection in epithelial cells. One hypothesis is that TLR3 through some unknown factor enhances sensitivity of the other TLRs to Chlamydia PAMPs, resulting in increased inflammatory mediator synthesis. We previously reported an upregulation in the expression of several TLR genes in response to C. muridarum infection in OE cells (15) . Our current data showing that IFN-␤ enhances synthesis of IL-6 that was severely diminished in TLR3-deficient cells is an interesting observation. We showed in our previous studies that IL-6 was heavily dependent on TLR2 and was induced via the MyD88 signaling pathway during C. muridarum infection of OE cells (15) . Therefore, we were somewhat surprised to see that its synthesis was also diminished in the TLR3-deficient OE cells, allowing us to postulate a possible role for TLR3-dependent IFN-␤ in regulating TLR2-dependent acute inflammatory cytokine synthesis. The data from Fig. 7 shows that exogenously added IFN-␤ can increase the expression of TLR2 mRNA in uninfected OE cells. The increased TLR2 mRNA synthesis results in a corresponding increase in TLR2 protein expression, which ultimately enhances sensitivity of the OE cells to TLR2 PAMPs (Fig. 8) .
Our data from the experiments using the commercially purified peptidoglycan as a TLR2 PAMP allow us to extrapolate that IFN-␤, induced during infection, is required to elevate TLR2's sensitivity to C. muridarum PAMPs during the course of infection in the OE cells. This phenomenon is highlighted in the experi-ments demonstrating that TLR3-deficient mice, which are defective in their synthesis of IFN-␤ during C. muridarum infection, are also defective in the synthesis of TLR2-dependent IL-6. It is not known whether supplementing TLR3-deficient mice with exogenous IFN-␤ will restore synthesis of IL-6 and other TLR2-dependent inflammatory mediators, as demonstrated in vitro in the OE cell lines, but the investigations into whether this phenomenon is also observed in vivo are under way.
These preliminary experiments support our hypothesis of a TLR3-dependent factor synthesized during Chlamydia infection being able to upregulate TLR gene expression. Our data implicate IFN-␤ as that C. muridarum-induced factor in OE cells and suggest a possible mechanism for the increased inflammatory mediator synthesis in TLR3-deficient OE cells after being pretreated with IFN-␤ 1 h prior to infection. This mechanism was previously presented in earlier studies who show that type I IFNs enhanced TLR responsiveness in macrophages by upregulating the expression of TLR3, TLR4, and TLR7 (59) . Others have shown in investigations using cells endogenous to the CNS (astrocytes and microglia cells) that the synthetic TLR3 PAMP poly(I·C) effectively induces innate antiviral responses by enhancing the gene expression of TLRs 3, 7, 8, and 9 (61) . These data suggest that the type I IFNs secreted in response to poly(I·C) play a role in regulating TLR expression as part of their function in modulating the innate and adaptive immune response to viral infection. Further studies will be required to completely elucidate this likely novel homeostatic biology linking TLR3-induced IFN-␤ to inflammatory cytokine synthesis through TLR2-dependent signaling pathways in C. muridarum-infected OE cells.
Type I IFNs have been shown to have different effects regarding the outcomes of infection for different intracellular bacterial pathogens (3, 37, 43) . Early studies by Byrne and Krueger (8) showed that type I IFNs had some inhibitory effect on Chlamydia replication in mouse fibroblasts and that the inhibition was reversed in the presence of antibodies specific for IFN-␥. The exact role of the IFN-␤ and its contributions to the overall immune response to Chlamydia infection have not been conclusively elucidated; however, experiments conducted in mice defective in the IFN-␣/␤ receptor (IFNAR) suggest that type I IFNs are detrimental to the host in both the genital tract and lung infection models. Nagarajan et al. show that the loss of type I IFNs actually decreases C. muridarum genital tract disease in IFN-␣ receptor-deficient IFNAR Ϫ/Ϫ mice, through an inhibition of the Chlamydia-specific CD4 T-cell response (42) . In that study, the authors showed reductions in Chlamydia shedding, duration of infection, and oviduct pathology in the IFNAR Ϫ/Ϫ mice. Qiu et al. reported that IFNAR Ϫ/Ϫ mice were significantly more resistant to C. muridarum infection, thus showing less bacterial burden and bodyweight loss and milder pathological changes in the lung infection model of infection (49) . Our results do not coincide with the findings of Nagarajan and Qiu, and our data present an alternative hypothesis that the TLR3-induced IFN-␤ may actually be beneficial to the host if it is produced during Chlamydia infection.
In contrast, we report that TLR3-deficient OE cells produce greater yields of Chlamydia progeny versus wild-type OE cells, likely because they are deficient in IFN-␤ synthesis. In addition, we show in Fig. 5 that C. muridarum replicates more efficiently in TLR3-deficient OE cells (that are defective in C. muridaruminduced IFN-␤ synthesis) and that adding IFN-␤ to these cells prior to infection decreases the yield of infectious progeny (Fig. 6 ).
Because IFNAR affects expression of all type-I IFNs (reviewed in references 7 and 39), it is possible that the observed deleterious effects attributed to type I IFNs in the IFNAR-deficient mouse experiments of Nagarajan and Qiu are due to the expression of type I IFNs other than IFN-␤. We present the alternative theory that the deleterious effects of these other type I IFNs observed in wild-type mice may be diminished in knockout mouse due to reduced expression levels in the INFAR-deficient mice. Our experiments using TLR3-deficient OE cells have not demonstrated significant reductions in other type I IFNs such as IFN-␣, and we propose that it is production of these other type I IFNs that can potentially be detrimental to the host and perhaps contribute to the observed differences between our data and that of Nagarajan and Qiu. However, it is critical to point out that the increased production of TLR2-dependent acute inflammatory cytokines such as IL-6 and TNF-␣ in the wild-type OE cells (compared to the TLR3-deficient OE cells) may result in increased oviduct pathology despite decreased replication and diminished Chlamydia shedding in wild-type OE cells and mice. In this scenario, there will likely be a diminished inflammatory response to Chlamydia infection in the TLR3-deficient mice, resulting in less pathology and thereby corroborating the observations of Nagarajan and Qiu. Investigations are under way to ascertain the role of TLR3 in actual oviduct pathology, and we are hopeful to address the direct role of IFN-␤ in these future studies.
The identification of TLR3 as a PRR that is stimulated during Chlamydia infection of OE cells represents a novel observation in Chlamydia pathogenesis. In addition, this observation may be cell type specific since TLR3 appears to be dispensable in IFN-␤ and IL-6 production in bone marrow-derived macrophages derived from TLR3-deficient mice (14) . Although it is somewhat of an enigma that TLR3 has a role in Chlamydia pathogenesis due to the lack of a known dsRNA component, it is not surprising that the epithelial cells would take advantage of PRRs reserved for viral intracellular pathogens to combat an intracellular pathogen such as Chlamydia. As we delve further into the understanding of innate immunity to pathogenic organisms, we further uncover additional and redundant roles for previously overlooked cellular pathways. It is clear that these pathways and mechanisms are overlooked and not believed to have a role in the pathogenesis of a particular organism only because these mechanisms are not invoked in all target cell types. The culmination of our investigations of C. muridarum infections in OE cells showing some mechanistic contrasts to investigations in cells of hematopoietic origin (macrophages and myeloid dendritic cells) underscores the importance of examining the pathogenesis of infection in all major target cell types. It is our belief that Chlamydia research must continue to proceed using all major cell types infected in order to get the most complete understanding of host immunity to Chlamydia infection.
